The endometrium is a dynamic tissue that is continuously changing in response to hormonal expression and requires a delicate interplay of cellular and molecular events. Defects in the regulation of the endometrium can have serious implications in women. About 10% of women (∼6.1 million) in the United States aged 15--44 y have difficulty getting pregnant or staying pregnant ([@r1]), with defects in the endometrium being implicated in cases of poor implantation, pregnancy loss, and placental abnormalities. Endometrial hyperplasia changes the uterine environment, thereby affecting implantation and pregnancy, and can progress to uterine cancer, the most commonly diagnosed gynecological cancer in the United States, affecting ∼50,000 women each year ([@r2]). However, fertility-sparing progesterone therapy for early endometrial carcinoma and atypical complex endometrial hyperplasia only results in resolution in ∼40--80% of patients, with a recurrence risk of ∼20--40% ([@r3][@r4][@r5][@r6]--[@r7]). Therefore, understanding the mechanism by which the endometrium is regulated is prudent for both fertility and cancer therapy.

Several regulatory proteins, growth factors, and their receptors ([@r8][@r9][@r10][@r11]--[@r12]) have been studied and identified to play an important role in endometrial function. Notably, members of the transforming growth factor β (TGF β) family are involved in many cellular processes and serve as principal regulators of numerous biological functions, including female reproduction. Previous studies have shown the TGF β family to have key roles in ovarian folliculogenesis and ovulation ([@r13], [@r14]), decidualization ([@r15], [@r16]), implantation ([@r17], [@r18]), placentation ([@r17], [@r19]), uterine receptivity ([@r15]), and uterine development ([@r20], [@r21]), with disruption in the TGF β family causing reproductive diseases and cancer ([@r22][@r23][@r24]--[@r25]).

SMAD2 and SMAD3 are downstream proteins in the TGF β signaling family that are important in translocating signals to the nucleus, binding DNA, and regulating the expression of target genes. Previous studies in mouse models have shown that deletion of the type 1 TGF β receptor (ALK5) upstream of SMAD2/3 results in fertility defects ([@r17], [@r26]) and that when deletion is combined with PTEN inactivation (a tumor suppressor), it promotes aggressive endometrial cancer progression ([@r27]). Likewise, the role of SMAD2/3 in the ovary has previously been characterized, showing defects in follicular development, ovulation, and cumulus cell expansion ([@r14]). In humans, abnormal expression of TGF β receptors has also been shown in endometrial cancer ([@r28], [@r29]), with SMAD2/3 specifically being implicated in several human tumors, including colon ([@r24]) and pancreas ([@r30]) tumors. Despite the growing abundance of TGF β pathway literature, we do not fully understand the roles of SMAD2/3 in the uterus and their implications in fertility and uterine cancer.

Mouse models are powerful tools that allow us to investigate gene function in vivo and provide us with a better understanding of uterine regulation. Global knockout of *Smad2* is embryonic lethal in mice ([@r31], [@r32]), whereas global knockout of *Smad3* results in ultimate death postnatally ([@r33], [@r34]). Therefore, conditional deletion of *Smad2/3* in the uterine stroma and endometrium was obtained using a progesterone receptor-cre (*Pgr-cre*) mouse model ([@r35]).

Deletion of uterine *Smad2/3* led to uterine hyperplasia, which resulted in infertility and eventual lethal uterine tumor formation. Therefore, elucidating the role of SMAD2/3 in the endometrium will uncover the mechanism by which the endometrium can escape the abundance of growth regulatory proteins.

Results {#s1}
=======

Generation of *Smad2/3* Double-Conditional Knockout Mice and Smad2/3 Expression in the Uterus. {#s2}
----------------------------------------------------------------------------------------------

Because complete loss of *Smad2* results in embryonic lethality ([@r31], [@r32]) and to avoid deleterious effects of *Smad3* deletion ([@r33], [@r34]), we generated a conditional knockout (cKO) mouse model. Given previous data showing the redundant functions of SMAD2 and SMAD3 ([@r14], [@r36], [@r37]), and notably in the reproductive tract ([@r14]), a double-cKO mouse model was generated. *Smad2* and *Smad3* double-cKO mice were previously generated using the Cre-loxP system, where loxP sites were introduced to flank exons 9 and 10 for *Smad2* (Smad2^flox/flox^) ([@r14], [@r38]) and exons 2 and 3 for *Smad3* (Smad3^flox/flox^) ([@r14]) ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). To obtain tissue-specific deletion in this study, Smad2^flox/flox^ and Smad3^flox/flox^ females were mated to males expressing the *Pgr-cre* knock-in allele. Previous studies indicated that Pgr-cre is expressed postnatally in the ovary, uterus, oviduct, mammary gland, and pituitary gland ([@r35]). Efficiency of Pgr-cre--mediated recombination in the female reproductive system was previously confirmed ([@r17]). Using this mating strategy Smad2^flox/flox^;Smad3^flox/flox^;*Pgr-cre* (herein called *Smad2/3* cKO) mice were produced ([*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)).

Mice were genotyped by PCR analyses of genomic tail DNA using specific primers ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). Efficiency of Smad2/3 deletion was confirmed by real-time quantitative PCR (qPCR). Significant reduction of the *Smad2* and *Smad3* mRNA levels was detected in the uterus ([*SI Appendix*, Fig. S1*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)) and the oviducts ([*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)), with no significant reduction seen in the ovaries ([*SI Appendix*, Fig. S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). To evaluate the possible effects of *Smad2* and *Smad3* deletion on the hypothalamic--pituitary--ovarian--uterine axis, we evaluated the hormonal profiles of the mutant mice. To do so, we analyzed the serum of control and *Smad2/3* cKO female mice for the circulating levels of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) at 6 and 12 wk. There were no differences in the levels of FSH or LH ([*SI Appendix*, Fig. S3 *A*--*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)) at either 6 or 12 wk. This lack of effect on pituitary function is supported by a previous study by Matzuk et al. ([@r39]), which showed that deletion of ACVR2A (a type 2 receptor that signals through SMAD2/3) suppressed FSH levels in female mice, suggesting that if our *Smad2/3* cKO mouse model affected pituitary function, it would be reflected by an aberration in the pituitary hormones.

*Smad2/3* cKO Female Mice Exhibit Infertility but Have Normal Ovarian Function. {#s3}
-------------------------------------------------------------------------------

To evaluate the fertility of *Smad2/3* cKO female mice, we performed a continuous breeding study for control (Smad2^flox/flox^;Smad3^flox/flox^) and *Smad2/3* cKO female mice ([Table 1](#t01){ref-type="table"}). We mated 6-wk-old female mice (*n* = 12 for control and *n* = 11 for *Smad2/3* cKO) with known fertile WT male mice for 6 mo. The 12 control females had normal breeding activity during the test period. In contrast, ablation of uterine *Smad2/3* led to sterility in 10 of the 11 females tested. The remaining female had one initial litter of two pups in the first month of breeding, with no subsequent litters or offspring. Vaginal plugs were observed at similar frequencies between the two genotypes, which eliminated the possibility of abnormal mating behavior. Compared with the controls, uteri from the *Smad2/3* cKO mice had fewer implantation sites ([Fig. 1*A*](#fig01){ref-type="fig"}), with a trend toward smaller weight per implantation site ([Fig. 1*B*](#fig01){ref-type="fig"}). Hemorrhagic implantation sites were also noted at 10.5 d post coitum (dpc) in the *Smad2/3* cKO mice, suggesting poor placentation.

###### 

Six-month mating study

  Genotype        Females   Litters   Pups per litter                     Litters per month
  --------------- --------- --------- ----------------------------------- -------------------
  Control         12        65        6.4 ± 1.9                           0.8 ± 0.3
  *Smad2/3* cKO   11        1         2[\*](#tfn1){ref-type="table-fn"}   0.01

One female had one litter.

![*Smad2/3* cKO female mice exhibit Infertility. (*A*) SMAD 2/3 cKO mice have fewer implantation sites compared with control mice at 6.5, 8.5, and 10.5 dpc. (Scale bars: 1.0 cm.) (*B*) Trend toward smaller implantation sites. *P* values are 0.11, 0.56, and 0.056 in 6.5-, 8.5-, and 10.5-dpc implantation sites, respectively. Data are presented as mean ± SEM. Yellow arrows indicate hemorrhagic implantation sites.](pnas.1806862116fig01){#fig01}

In Pgr-cre transgenic mice, Cre is also expressed in the granulosa cells of preovulatory follicles ([@r35]); we therefore examined ovarian function in the control and *Smad2/3* cKO mice. In histological analyses of adult female ovaries, the *Smad2/3* cKO mice exhibited normal ovarian follicles compared with control mice, with corpora lutea observed in both ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). Likewise, superovulation of 3-wk-old mice showed no significant difference in the number of oocytes released ([*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). Therefore, ovarian architecture and functional ovulation were normal in the *Smad2/3* cKO mice.

*Smad2/3* cKO Female Mice Exhibit Uterine Hyperplasia and Hyperproliferation. {#s4}
-----------------------------------------------------------------------------

Because the fertility defects were not due to an ovarian origin and to further elucidate the roles of SMAD2/3 in the female reproductive system, histological analyses were performed on the uteri of control and *Smad2/3* cKO mice at various time points. Immunostaining of 4-wk-old uteri with smooth muscle actin (SMA) and cytokeratin 8 (CK8), markers of the myometrial and epithelial layers of the uterus, respectively, showed no difference in structure ([*SI Appendix*, Fig. S5 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). However, staining with forkhead box A2 (FOXA2), a glandular marker, showed a larger number of uterine glands, with more irregular appearing glands in the *Smad2/3* cKO uteri indicating an early role of SMAD2/3 in uterine gland formation ([*SI Appendix*, Fig. S5 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). By 6 wk of postnatal life, disruption of the normal endometrium was seen, with notable continued hyperplasia at 9 wk of life ([Fig. 2](#fig02){ref-type="fig"}). [Fig. 2](#fig02){ref-type="fig"} shows the uteri of control and *Smad2/3* cKO mice stained with E-cadherin, a marker of the uterine luminal and glandular epithelium ([Fig. 2 *A--D*](#fig02){ref-type="fig"}), at 6 and 9 wk of age. In [Fig. 2 *E--H*](#fig02){ref-type="fig"}, immunostaining with SMA and CK8 indicated that endometrial hyperproliferation in the *Smad2/3* cKO mice was detectable beginning at 6 wk of age, with no defects or invasion into the myometrial compartment.

![Disordered and hyperplastic epithelium in cKO mice is observed as early as 6 wk of age. Uterine cross-sections of 6-wk-old control and cKO mice stained with E-cadherin (*A*--*D*) or double-stained with CK8 and SMA (*E*--*H*). (Scale bars: 0.5 mm.)](pnas.1806862116fig02){#fig02}

Since the double deletion of *Smad2* and *Smad3* genes led to uterine compartment-specific effects, RNA expression was performed on control mice at the onset of puberty as well as during proestrus and diestrus \[time point for highest (estrogen-dominant) and lower estrogen expression (progesterone-dominant)\] to further ascertain how signaling may affect uterine function. *Smad3* was expressed equally in the epithelial and stroma/myometrium compartments of the uterus at puberty as well as during diestrus and proestrus ([*SI Appendix*, Fig. S6 *D*--*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). Expression of *Smad2*, however, was significantly higher in the stroma/myometrium component compared with the epithelium during diestrus and proestrus but not at 6 wk ([*SI Appendix*, Fig. S6 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)).

By 12 wk of age, a marked increase in uterine endometrial proliferation ([Fig. 3 *A--H*](#fig03){ref-type="fig"}) was observed. E-cadherin immunostaining ([Fig. 3 *A--D*](#fig03){ref-type="fig"}) showed the presence of endometrial hyperplasia in the *Smad2/3* cKO mice. Significant up-regulation of mRNA levels of cytokeratin 18 (*Krt18*) and E-cadherin (*Cdh1*) (epithelial cell markers) was detected in *Smad2/3* cKO uterus ([Fig. 3 *I* and *J*](#fig03){ref-type="fig"}). Similarly, immunostaining with SMA and CK8 showed that the epithelial hyperplasia was contained within the endometrial layer and had not invaded into the underlying myometrium ([Fig. 3 *E--H*](#fig03){ref-type="fig"}). Phosphorylated histone H3 (pHH3) visualizes the four phases of mitosis and late G2 and is used as a marker of active cell proliferation ([@r40]). Unlimited cell division is a hallmark of carcinogenesis; therefore, pHH3 expression was evaluated in the uteri of control and *Smad2/3* cKO mice. Although pHH3-positive cells were observed in the uteri of control and *Smad2/3* cKO mice, pHH3 immunoreactivity was notably increased in the *Smad2/3* cKO uterus ([Fig. 3 *K--N*](#fig03){ref-type="fig"}). Quantification of the monoclonal antibody Ki67, another well-known marker of active cell proliferation ([@r41]), in control (*n* = 3) and *Smad2/3* cKO (*n* = 3) mice showed a significantly higher expression of Ki67 in the *Smad2/3* cKO mice (53% vs. 36%; *P* = 0.02).

![Uterine hyperplasia and hyperproliferation in 12-wk-old *Smad2/3* cKO uteri. (*A*--*D*) Immunostaining with E-cadherin (a marker of uterine luminal and glandular epithelium) showing increased epithelial proliferation in cKO mice compared with control mice. Blue arrows (*B* and *D*) indicate the luminal uterine epithelium. (*E*--*H*) Immunofluorescence (IF) staining with SMA (a myometrial marker) and CK8 (an epithelial marker) showing epithelial hyperplasia contained within the endometrial layer with no invasion into the myometrium. Yellow arrows (*F* and *H*) indicate the luminal uterine epithelium. (*I* and *J*) qPCR showing significant up-regulation of epithelial markers (*Krt18* and *Cdh1*) in *Smad2/3* cKO mice. (*K*--*N*) Immunostaining with CK8 and pHH3 (marker of hyperproliferation) showing increased expression of pHH3 in the cKO mice as compared with the controls. \**P* ≤ 0.05 compared with controls. (*C*) IF staining with CK8 and pHH3 (a cell proliferation marker) showing increased proliferation in *Smad2/3* cKO mice compared with control mice. (Scale bars: *A*, *C*, *E*, *G*, *K*, and *M*, 0.5 mm; *B*, *D*, *F*, *H*, *L*, and *N,* 100 μm.) Cdh1, E-cadherin; Krt18, cytokeratin 18. Data are presented as mean ± SEM \[*n* = 5 (control) and *n* = 4 (cKO)\].](pnas.1806862116fig03){#fig03}

*Smad2/3* cKO Female Mice Lose Progesterone Receptor Expression, Develop Hormone-Dependent Uterine Tumors, and Die by 8 Mo of Age. {#s5}
----------------------------------------------------------------------------------------------------------------------------------

Given that endometrial dysregulation started at the onset of puberty and because the more common type of uterine cancer is due to unopposed estrogen ([@r42]), hormonal dependence was suspected to occur in the *Smad2/3* cKO uterus. Significant up-regulation in the expression of estrogen-responsive genes (*Lcn2*, *Muc1*, and *Clca3*) was noted in the *Smad2/3* cKO mouse uteri ([Fig. 4 *A--C*](#fig04){ref-type="fig"}). The levels of serum estradiol in control and *Smad2/3* cKO mice at 6 and 12 wk were beneath the level of detection for both groups of mice. Despite no change in expression of *Pgr* or progesterone-responsive genes (*Mig6*, *il13ra2*, *Areg*, *Lrp2*, *Hand2*, and *CoupTFII*) between the control and *Smad2/3* cKO mice ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)), progesterone receptor (PR) immunostaining showed that PR was absent in the 12-wk-old *Smad2/3* cKO mouse uterus but not in the controls ([Fig. 4 *E--H*](#fig04){ref-type="fig"}). PR immunostaining was not significantly decreased in the stroma \[66% (control) vs. 44% (cKO); *P* = 0.21\]. Interestingly, while serum progesterone levels were the same at 6 wk between control and *Smad2/3* cKO mice, they were noted to be significantly lower at 12 wk in the *Smad2/3* cKO mice ([*SI Appendix*, Fig. S3 *E* and *F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). Compared with controls ([Fig. 4 *I* and *J*](#fig04){ref-type="fig"}), disordered uterine glandular structures in the *Smad2/3* cKO mice were visualized by immunohistochemistry of the glandular marker FOXA2 ([Fig. 4 *K* and *L*](#fig04){ref-type="fig"}), with a corresponding increase in *Foxa2* gene expression in the *Smad2/3* cKO mice relative to the controls ([Fig. 4*D*](#fig04){ref-type="fig"}).

![*Smad2/3* cKO 12-wk-old female mice express high levels of estrogen-responsive genes, have an increase in uterine gland formation, and lose PR expression. (*A*--*C*) qPCR showing estrogen markers significantly up-regulated in *Smad2/3* cKO mice. *Clca3*, chloride channel accessory; *Lcn2*, lipocalin 2; *Muc1*, Mucin1. (*D*) qPCR showing *Foxa2* (a glandular marker) significantly up-regulated in *Smad2/3* cKO mice. Data are presented as mean ± SEM \[*n* = 5 (control) and *n* = 4 (cKO)\]. \**P* ≤ 0.05; \*\**P* ≤ 0.01. Immunohistochemistry (IHC) shows nuclear PR expression in the epithelium of control mice at low (*E*) and high (*F*) power and a loss of PR expression in the epithelium of *Smad2/3* cKO mice at low (*G*) and high (*H*) power. Blue arrows indicate the luminal uterine epithelium. IHC of FOXA2 (a glandular marker) shows normal endometrial glands at low (*I*) and high (*J*) power and increased and irregular-shaped glands in a cKO mouse at low (*K*) and high (*L*) power. (Scale bars: *I* and *K*, 0.5 mm; *E*--*H*, *J*, and *L*, 100 μm.)](pnas.1806862116fig04){#fig04}

Unlike control mouse uterus ([Fig. 5*B*](#fig05){ref-type="fig"}), the *Smad2/3* cKO mice went on to develop bulky uterine cancers ([Fig. 5 *A* and *C*](#fig05){ref-type="fig"}). In comparison to normal kidneys ([Fig. 5*D*](#fig05){ref-type="fig"}), while there was no histological evidence of disease, the compression of the large uterine mass against the vasculature caused significant dilation of the kidney (hydronephrosis, *n* = 4) ([Fig. 5*E*](#fig05){ref-type="fig"}). Mass effect also resulted in sequelae such as labial mass protrusion (*n* = 5) ([Fig. 5*H*](#fig05){ref-type="fig"}). The uterine cancers exhibited a loss of lumen with chaotically growing endometrial epithelial cells invading throughout the entire myometrium and the serosal surface of the uterus with no normal uterine architecture remaining ([Fig. 5 *I* and *J*](#fig05){ref-type="fig"}).

![*Smad2/3* cKO female mice develop bulky endometrioid-type tumors with lung metastases and die by 34 wk of age. (*A*) *Smad2/3* cKO female mouse at ∼5 mo of age. (*B*) Gross dissection of control mouse uterus at 5 mo of age. (*C*) Gross dissection of cKO mouse showing a uterine tumor at 5 mo of age. (*D*) Gross dissection of control kidney. Hydronephrosis (*E*) and labial mass protrusion (*H*) result from mass effect of a uterine tumor. Gross dissection of control (*F*) and cKO (*G*) lung is shown. Yellow arrows point at sites of metastasis. (Scale bars: 1 cm.) (*I* and *J*) Immunostaining with E-cadherin (an epithelial marker) of a uterine tumor showing loss of normal architecture and overabundance of glandular tissue. (*K* and *L*) Immunostaining with E-cadherin of lung metastasis showing a nodule with proliferation of malignant glands distorting normal morphology. (*M*) Kaplan--Meier survival curve showing 100% mortality by 34 wk of age, with 50% survival at 26.5 wk.](pnas.1806862116fig05){#fig05}

Compared with control mice ([Fig. 5*F*](#fig05){ref-type="fig"}), the cancers were noted to metastasize to the lungs (*n* = 9) ([Fig. 5*G*](#fig05){ref-type="fig"}), but to no other tissue. The lung metastasis showed nodules with proliferation of malignant glands distorting normal lung architecture similar to the morphology noted in the uterus ([Fig. 5 *K* and *L*](#fig05){ref-type="fig"}). All of the *Smad2/3* cKO mice died by 34 wk of age, with a 50% survival rate of 26.5 wk ([Fig. 5*M*](#fig05){ref-type="fig"}).

*Smad2/3* cKO Cancer Phenotype Can Be Avoided if Ovaries Are Removed at Onset of Puberty. {#s6}
-----------------------------------------------------------------------------------------

To further confirm hormonal dependence, ovaries were removed from *Smad2/3* cKO mice to see if cancer formation could be prevented. Ovaries were removed at the onset of puberty at 6 wk of age, approximately the start of uterine hyperplasia, and at 12 wk of age, around the time of marked uterine hyperplasia. Mice were subsequently dissected at 6 mo of age and compared with WT ([Fig. 6*A*](#fig06){ref-type="fig"}) and cKO nonovariectomized controls ([Fig. 6*D*](#fig06){ref-type="fig"}). Ovary removal at 6 wk of age prevented the phenotype of both hyperplasia and tumor formation ([Fig. 6*B*](#fig06){ref-type="fig"}). However, if the ovaries were removed at 12 wk of the age, the mice continued to develop uterine cancer ([Fig. 6*C*](#fig06){ref-type="fig"}), as evidenced both grossly and histologically. However, the severity of the uterine cancer phenotype varied in the mice ovariectomized at 12 wk of age: Three of seven mice died from their cancer by 6 mo. The remaining mice had varying degrees of disease at the time of dissection. Removal of ovaries at 6 wk ([*SI Appendix*, Fig. S8 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)) also prevented the loss of PGR protein expression but not removal at a later time point ([*SI Appendix*, Fig. S8 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). Because ovariectomy suggests estrogen dependence but does not indicate causality, estradiol was reintroduced into the ovariectomized control and *Smad2/3 cKO* mice. Given that a significant phenotype was already noted after 3 wk postpuberty, 100 ng of estradiol was injected daily for 3 wk into control and *Smad2/3 cKO* ovariectomized mice. Both developed hyperplasia due to the unopposed estrogen, but the *Smad2/3 cKO* phenotype was more impressive, with an increased presence of glands and hyperplastic epithelium ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental))

![Smad2/3 cKO cancer phenotype is avoided if ovaries are removed at the onset of puberty. Mice were killed at 6 mo of age. (*A*) Control ovariectomized (Ovx) mouse showing normal gross pathology and uterine histology. (*B*) *Smad2/3* cKO mouse after Ovx at 6 wk showing normal gross pathology and uterine histology. (*C*) *Smad2/3* cKO mouse after Ovx at 12 wk showing formation of uterine tumor grossly and increased glandular formation/disruption of normal uterine architecture on histology. (*D*) *Smad2/3* cKO without Ovx showing a large bulky uterine tumor and advanced uterine cancer with complete loss of luminal epithelium on histology. \[Scale bars: *Top* (panel: gross specimen), 1 cm; *Bottom* (panel: histology), 100 μm.\]](pnas.1806862116fig06){#fig06}

*Smad2/3* cKO Mice Demonstrate Abnormal Expression of Genes Involved in Inflammation, Cell Cycle Checkpoint, Migration, Steroid Biosynthesis, and SMAD1/5-Driven Genes. {#s7}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

We performed RNA sequencing to identify the gene expression differences between the uterine epithelium of control and *Smad2/3* cKO mice. To avoid the confounding factors triggered by hormonal changes throughout the estrus cycle, we chose to profile the uterine epithelium from mice at 0.5 dpc. Global gene expression profiles of *Smad2/3* cKO versus control mice were analyzed. We found 1,227 features with *P* \< 0.01 (*t* test, cKO versus control) and fold change \> 1.4 ([Dataset S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). Gene ontology analysis was performed for the most up-regulated and down-regulated genes ([Dataset S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)).

There was significant up-regulation in SMAD1/5 gene targets \[inhibitors of DNA binding/inhibitors of differentiation (Id) protein family *Id1*--*4*\], which have been associated with angiogenesis and tumor progression in different gynecological cancers ([@r43][@r44]--[@r45]). This indicates that in the absence of SMAD2/3, the SMAD1/5 signaling pathway is overactivated, which has been previously reported to occur in other cell types and organisms ([@r46][@r47]--[@r48]).

We also observed significant differences in the genes encoding proteins involved in cell cycle checkpoints and cell migration in the *Smad2/3* cKO mice compared with the controls. For example, there was decreased mRNA expression in *Slit2* \[involved in molecular guidance in cellular migration ([@r49])\] and *Bcl2* \[apoptosis regulator ([@r50])\] and increased expression of *Agr2* \[involved in cell migration and metastasis ([@r51][@r52][@r53]--[@r54])\] and *Cks1b* \[cell cycle G1/S and G2/M DNA damage checkpoints ([@r55][@r56]--[@r57])\]. These findings support the hyperproliferative and metastatic capacity of the endometrial tumors observed in the *Smad2/3* cKO mice.

The steroid biosynthetic pathway is composed of a group of transporters and enzymes whose main role is to import cholesterol and subject it to a series of enzymatic reactions to yield steroid hormones ([@r58]). The steroid biosynthetic pathway controls not only the circulating levels of hormones in an organism but also the local steroid concentrations at the tissue level ([@r59]). For example, in women, local estradiol concentrations are five- to eightfold higher in endometrial tissues compared with circulating levels of estradiol in the serum. Significant down-regulation in several genes \[*Ces1d*, *Cyp51*, *Fdft1*, and *Cyp21a1* ([@r58], [@r60][@r61]--[@r62])\] involved in steroid/cholesterol biosynthesis was noted in the *Smad2/3* cKO epithelium. Validation of these genes in mouse tissues by qPCR confirmed these findings ([Fig. 7](#fig07){ref-type="fig"}), indicating that local steroid biosynthesis is altered in the *Smad2/3* cKO tissues.

![*Smad2/3* cKO causes abnormal expression in genes involved in inflammation, cell cycle checkpoints and migration, the steroid biosynthesis pathway, and SMAD1/5-driven genes. qPCR validation of RNA sequencing results. Up-regulation of inflammation-associated genes: *Crispld2* (cysteine-rich secretory protein LCCL domain containing 2) and *Ccl20* (C-C motif chemokine ligand 20) (*E* and *F*). Abnormal expression of cell cycle checkpoint and migration genes: *Cks1b* (CDC28 protein kinase regulatory subunit 1B), *Agr2* (anterior gradient 2), *Slit2* (slit guidance ligand 2), and *Bcl2* (B cell lymphoma 2) (*C*, *D*, *H*, *I*). Up-regulation of downstream SMAD1/5 targets *Id1* (inhibitor of DNA binding 1) and *Id3* (inhibitor of DNA binding 3) (*A* and *B*), with down-regulation of upstream SMAD1/5-type 1 receptor *Acvr1* (activin A receptor type 1) (*G*). Down-regulation of steroid biosynthesis pathway genes: *Cyp51* (cytochrome p450 family 51 subfamily A member 1), *Cyp21a1* (cytochrome p450 family 21 subfamily A member1), *Ces1d* (carboxylesterase 1D precursor), and *Fdft1* (farnesyl diphosphate farnesyltransferase 1) (*J*--*M*). \**P* ≤ 0.05; \*\**P* ≤ 0.01; \*\*\**P* ≤ 0.001.](pnas.1806862116fig07){#fig07}

TGF β is involved in the regulation of various cell types of the immune system important in inflammatory response, such as macrophages, neutrophils, and cytokines ([@r63], [@r64]). Conditional deletion of TGF βs and the downstream signaling proteins, SMAD2 and SMAD3, has resulted in a profound increase in inflammatory response leading to death ([@r33], [@r37], [@r65]) In our model, we observed a significant increase in inflammatory response genes (*Crispld2* and *Ccl20*). *Ccl20* encodes a chemokine that has been implicated in tumor growth and invasiveness ([@r66]). Surprisingly, *Crispld2* has been shown to suppress inflammation ([@r67], [@r68]), which is contrary to our findings, and has even been found to be highly expressed in some human endometrial tumors ([@r69]) (<https://www.proteinatlas.org/ENSG00000103196-CRISPLD2/pathology>).

Discussion {#s8}
==========

In this study, we conditionally deleted SMAD2 and SMAD3 using *Pgr-*cre, which led to dramatic pathological changes in the epithelial layers of the uterus. *Smad2/3* cKO mice displayed abnormal glandular tissue at 4 wk of life, indicating an important role of SMAD2/3 in early glandular formation. *Smad2/3* cKO mice develop uterine hyperplasia after the onset of puberty, and this hyperplasia progresses to aggressive uterine cancers with associated metastasis to the lungs. Due to such early hyperplasia, there is a disruption in normal implantation and continuation of pregnancy, resulting in sterility of these mice. This was evidenced in the trend toward decreased number and weight of *Smad2/3* cKO implantation sites in comparison to controls, as well as hemorrhagic implantation sites noted at 10.5 dpc. A delayed onset of the hyperplasia phenotype is likely the reason why one mouse was able to deliver one litter of two pups, which was confirmed by that animal's inability to have additional litters and its subsequent development of uterine cancer.

This study showed that the function of SMAD2/3 in the uterus was hormonally dependent. While previous work ([@r70]) has shown that estrogen causes SMAD2/3 degradation and has proposed that it inhibits cancer metastasis, this work shows that the absence of SMAD2/3 does not inhibit metastasis and that the presence of SMAD2/3 is critical for an appropriate response of the endometrium to hormones. One possible mechanism of tumor formation in the *Smad2/3* cKO mice presented here could be due to the loss of progesterone receptors that was noted in our study. With the epithelium unable to respond appropriately to the presence of progesterone to convert from a proliferative to secretory endometrium, uterine hyperplasia and tumor formation are imminent due to local unopposed estrogen (as confirmed by up-regulation of estrogen-responsive genes in our study). This proposed mechanism is further solidified by the fact that removal of ovaries at 6 wk in *Smad2/3* cKO mice prevented the loss of PR and the cancer phenotype, whereas by 12 wk, PR was already absent and tumor formation continued. Reintroducing estradiol into mice that were ovariectomized at 6 wk resulted in uterine hyperplasia, additionally confirming the estrogen-dependent uterine hyperplasia phenotype. Uterine cancer and its association with decreased expression of *PGR* has been well documented in human endometrial tumors ([@r71], [@r72]). In human endometrial cancer, *PGR* has been shown to be involved in cell cycle inhibition at the G1-to-S phase, as well as inhibition of tumor invasion ([@r73]), and *PGR* loss has been associated with higher metastatic potential and worse prognosis ([@r74]). However, the impact of *Smad2/3* on PR expression and metastasis has not previously been shown. Despite the importance of *PGR* in human cancers, the loss of *Pgr* expression is unlikely to be the sole driving force of tumor formation in the *Smad2/3* cKO mice, given that *Pgr* KO mice developed endometrial hyperplasia but not endometrial cancer ([@r75]).

An aberration in migration inflammatory markers could be a potential cause for the aggressiveness of these tumors. Our RNA sequencing analysis was performed at 6 wk of life and already showed significant differences in migratory (*Agr2* and *Slit2*) and inflammatory (*Ccl20* and *Crispld2*) markers between *Smad2/3* cKO and control mice. *Agr2*, which was up-regulated in the *Smad2/3* cKO mice, plays a role in cell migration, cellular transformation, and metastasis and is a p53 inhibitor ([@r51][@r52]--[@r53], [@r76], [@r77]). AGR2 increases aggressiveness of human endometrial cancer cells ([@r54]) and has even been suggested as a potential drug target for estrogen-responsive breast cancer ([@r78]). *Slit2*, down-regulated in *Smad2/3* cKO mice, inhibits cellular migration in the colon ([@r79]) and brain ([@r80]), with decreased levels being associated with more invasive tumors. The link between cancer and inflammation has been previously noted in several types of malignancies, including endometrial carcinoma ([@r81]). Estrogen has been associated with an inflammatory response ([@r82]), and, likewise, the proinflammatory environment has even been hypothesized to increase estrogen levels ([@r83]), further driving the cancer. *Ccl20*, one of the critical chemoattractants responsible for inflammatory cell recruitment, has been associated with multiple tumors, including those of the breast ([@r84]), lung ([@r67]), pancreas ([@r85]), and endometrium ([@r86]). This is consistent with previous studies showing that the TGF β pathway is a major player in cellular migration ([@r87]) and inflammation ([@r37]). *Crispld2* has been associated with antiinflammatory processes ([@r67], [@r68]); the significant up-regulation of *Crispld2*, a modulator of cytokine function, is indicative of an effort to counteract the otherwise inflammatory uterine milieu of our mouse model.

Another notable finding in our study is the significant increase in the expression of the *Id1*--*4* genes. Id proteins induce cell proliferation and inhibit cell differentiation and have been associated with different gynecological cancers ([@r43][@r44]--[@r45]). Id proteins are direct targets of bone morphogenetic proteins (BMPs) ([@r88]), which are activated by the BMP-activated SMAD1/5 pathway. TGF β (upstream of SMAD2/3) has been shown to bind to ALK1, activating SMAD1/5 to induce *Id* synthesis ([@r89]), and SMAD3 has even been shown to mediate transcriptional activation of *Id1* ([@r90]). This provides support that there is important countercommunication between the SMAD2/3 and SMAD1/5 pathways. This is solidified by the significant decrease in *Acvr1/Alk2* (a BMP-type 1 receptor that exclusively signals through SMAD1/5) in the *Smad2/3* cKO mice, indicating a negative feedback attempt ([@r91]) from the significant up-regulation of downstream SMAD1/5 genes. These results indicate that there is cross-talk and balance that occurs between the SMAD2/3 and SMAD1/5 signaling pathways. Antagonism between the SMAD1/5 and SMAD2/3 signaling pathways is frequently observed in other systems ([@r46][@r47]--[@r48]), including the ovary ([@r92]); in our model, inactivation of SMAD2/3 and resultant SMAD1/5 activation may drive tumorigenesis in the uterus. This is consistent with other studies indicating that SMAD2/3 serves a tumor suppressor role ([@r93]); however, the opposite has been shown to be true in the ovary ([@r92], [@r94]).

Several genes in the steroid/cholesterol biosynthesis pathway showed decreased mRNA expression levels (*Ces1d*, *Cyp51*, *Fdft1*, and *Cyp21a1*), likely as a result of aberrant estrogen feedback. While we do not believe that defects in steroidogenesis drive tumor formation in our model, we hypothesize that the decreased expression of several steroidogenic genes indicates an attempt to provide negative feedback to unopposed estrogen. This abnormal expression of steroid biosynthesis genes may provide insight into possible genes involved in estrogen metabolism and may serve as a useful biomarker for genetic susceptibility to endometrial cancer.

In this study, we show that SMAD2/3 serves an important tumor suppressor role in the TGF β pathway. Our findings not only generate a mouse model to study the role of SMAD2/3 in the uterus but also provide insight into the mechanism of uterine cancer and the potential for treatment development.

Materials and Methods {#s9}
=====================

Animals. {#s10}
--------

All mouse lines used in this study were maintained on a mixed C57BL/6/129S6/SvEv genetic background and handled under protocols approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine.

Histological Analysis. {#s11}
----------------------

Mouse uteri and ovaries were collected and fixed in 10% (vol/vol) neutral buffered formalin overnight. The specimens were then washed with 70% ethanol before being embedded in paraffin. Paraffin embedding was performed in the Pathology and Histology Core Facility at Baylor College of Medicine. Paraffin-embedded specimens were sectioned (5 μm thick). Paraffin sections were stained with H&E, PAS, or PAS-hematoxylin using standard procedures.

Immunohistochemistry and Immunofluorescence. {#s12}
--------------------------------------------

Before staining, sections were deparaffinized and rehydrated in Histoclear (VWR); 100%, 90%, 80%, and 60% ethanol; and water. Antigen retrieval was performed by heating tissue sections in 10 mM sodium citrate and 0.05% Tween-20 (pH 6.0). For immunohistochemistry, after blocking with 3% (wt/vol) BSA for 1 h, sections were incubated with the primary antibodies overnight at 4 °C. Antibody information is listed in [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental). Sections were incubated with biotinylated secondary antibodies and ABC reagent (Vector Laboratories), and immunoreactive signals were developed using a 3,3′-diaminobenzidine substrate kit (Vector Laboratories) and counterstained with hematoxylin. Immunofluorescence used a similar protocol, except that the secondary antibody was Alexa Fluor 488 or Alexa Fluor 594 (both from Life Technologies). Quantification of Ki67 and PR was performed on immunohistochemistry slides by selecting three different portions of three control and cKO samples. Positively and negatively stained cells were then individually counted using ImageJ software (NIH).

RNA Isolation, qPCR, and RNA Sequencing Analysis. {#s13}
-------------------------------------------------

All tissues were frozen on dry ice immediately after collection. Total RNA was isolated using the RNeasy Mini Kit (Qiagen) by homogenizing the tissue with an OMNI-TH disrupter following the manufacturer's protocol. RNA (1--2 μg) was transcribed to cDNA using qScript cDNA Supermix (Quanta). Then, cDNA was used to amplify specific primers (listed in [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806862116/-/DCSupplemental)). Gene expression was analyzed by qPCR with SYBR Green (Life Technologies/ABI) on a Roche 480 Light Cycler II. The relative fold change of a transcript was calculated by the delta delta cycle threshold (2^−ΔΔCT^) method as described previously ([@r95]) and analyzed using a Student *t* test. For RNA sequencing analysis, the raw reads were aligned to a mm10 reference genome by Tophat and assembled by Cufflinks. Expression values were quantile-normalized. Differential gene expression was assessed using a two-sided *t* test and fold change on log-transformed expression values. The method of Storey and Tibshirani ([@r96]) was used to estimate false discovery rates (FDRs) for nominally significant genes. For this dataset, a nominal *P* \< 0.01 corresponded to an estimated FDR of 11.5%. Genes of interest were validated by qPCR. RNA sequencing data have been deposited in the Gene Expression Omnibus (accession no. GSE112664).

Hormone Analyses. {#s14}
-----------------

Mice were anesthetized with isoflurane inhalation, and cardiac puncture was performed to collect the blood samples into serum separator tubes (BD). The serum was separated by centrifugation and stored at −20 °C until assayed for hormone levels. Serum FSH, LH, progesterone (P~4~), and estradiol (E~2~) were measured by the ligand assay and analysis core at the Center for Research in Reproduction, University of Virginia. The limit of detection of the assays is as follows: FSH (2 ng/mL), E~2~ (10 pg/mL), LH (0.07 ng/mL), and P~4~ (0.1 ng/mL).

Superovulation. {#s15}
---------------

As previously described ([@r97]), immature female mice (WT and Smad2^flox/−^; Smad3^flox/−^; PR^cre/+^) were injected i.p. with 5 international units (IU) of pregnant mare serum gonadotropin (Calbiochem), followed by administration of 5 IU of human chorionic gonadotropin (hCG) (i.p.) 44--46 h later. After 18 h of hCG injection, the ovaries and oviducts were surgically removed and the cumulus oocyte complexes mass was recovered from the oviduct and collected into M2 medium (Sigma) containing 1 mg of hyaluronase per milliliter (Sigma) to dissociate the cumulus cells from oocytes. The numbers of oocytes were then counted and recorded.

Statistics. {#s16}
-----------

Comparison of means between two groups was conducted using a *t* test. Data are presented as mean ± SEM, and *P* \< 0.05 was considered to be statistically significant.
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